Abstract The use of tooth-colored dental restorative materials, along with the adhesive techniques, has become routine in today's dental practice. The longevity of adhesive restorations depends mainly on good bonding between restorative materials and tooth structure, which should be achieved in situ, within minutes. While bonding to enamel is reliable through micromechanical retention, bonding to dentin presents challenges due to its more complex collagenous structure. Progressive loss of resin-dentin bond integrity and reduction in bond strength have been extensively reported. This was attributed partly to the hydrophilic nature of the contemporary adhesives systems that causes unwanted water absorption, phase separation, and resin leaching and also to the endogenous collagenolytic enzymes that can slowly hydrolyze collagen. Current research in this field aims at increasing the durability of resin-dentin bonds by inhibition of the collagenolytic activity of dentin, as well as implementing bonding strategies which allow the use of more hydrophobic bonding agents.
Introduction
As we celebrate the 60th year of adhesive dentistry, continuing advances in bonding technology have made a large impact in daily clinical practice. With improvements in adhesive technology, minimally invasive, tooth-colored, adhesive restorations have replaced conventional restorations that sacrificed sound tooth structure for extra retention [1] . The use of toothcolored restorations are expected to increase due to increased esthetic demands, the feared toxicity of mercury-containing dental amalgam, and legislation restricting the manufacture and disposal of mercury-containing materials [2] . The ultimate goal of adhesive procedures is to achieve a good longlasting seal between the restoration and tooth structure, through surface modification and micromechanical retention [3] . However, despite improvements in adhesive techniques, data from a large cross-sectional cohort of patients (80,000 from UK General Dental Service, 2001) demonstrated that resin-based tooth-colored restorations placed in non-loadbearing cavities (127,375) had a functional life of only 43 % after 10 years [4] . Similarly, in the USA, the National Institute of Dental and Craniofacial Research (NIDCR) reported that the longevity of tooth-colored restorations is only 5.7 years and that 60 % of total restorative treatment is replacement of degrading existing fillings [5] . This replacement dentistry has an annual cost of $4-5 billion in the USA alone [6, 7] . The reason for replacements of tooth-colored restorations is generally due to failure of resin-dentin bonds that results in marginal gap formation and development of secondary caries, and subsequent loss of the restoration [8, 9] .
Therefore, the objectives of this review are to summarize the current knowledge on the factors affecting the long-term durability of dental adhesives and examine new techniques designed to improve the long-term durability of adhesive interfaces, by improving the physicochemical properties of the contemporary adhesives, and to block the aging mechanisms involved in the degradation of adhesive interfaces, as well as new therapeutic approaches to prevent and counteract this degradation.
Factors Affecting the Durability of Dental Adhesives Enamel and Dentin as Bonding Substrates
The tooth is a remarkable example of a natural composite. Stiff, hard, brittle enamel on the outside of the teeth provides wear and acid resistance, whereas the softer, flexible underlying tough dentin is able to absorb chewing stresses without fracturing [10] . Although these two natural composites serve successfully in the oral cavity, when replacement is needed, reliable attachment of restorative materials to enamel and dentin is difficult to achieve due to the large differences between enamel and dentin structure. For instance, enamel is composed of 90 vol% mineral, 4 % protein, and 6 % water. That high mineral content, without any modification, lacks sufficient roughness to allow for tooth-colored restorations to adhere to enamel [11] .
In 1955, Buonocore introduced a surface modification technique for enamel using 85 % phosphoric acid to acidetch the enamel surface for 30 s [12] . That technique has been modified to reduce the acid concentrations to 32-37 %, as well as etching time to 15 s [13, 14] , and successfully used since then. On enamel, acid etching cleans the surface by removing organic pellicle on the surface, and by removing cutting debris called Bthe smear layer^on cut enamel, and also partially dissolves the enamel rods, creating millions of microporosities for inter-and intra-crystallite bonding sites for liquid resin [15] . After polymerization, millions of micromechanically interlocked solid resin tags provide a stable resin-enamel bonding interface. The very low protein and water as well as the presence of high mineral content (96 % hydroxyapatite by weight) in enamel are the key for reliable adhesion of resin to enamel microporosities [11, 16] . This reliable surface bonding is responsible for these minimally invasive restorations lasting more than 20 years [17] as well as protecting the dentin bond against bacterial invasion [18] .
Stable adhesion to dentin, on the other hand, has been very difficult to achieve. Dentin contains only 50 vol% of mineral, and the rest is organic matrix (30 %) mainly composed of type I collagen (90 %) and non-collagenous proteins (10 %) with the remaining 20 % being composed of water [11, 19] . During the acid etching phase of the bonding, where both enamel and dentin are simultaneously etched, the entire mineral content of dentin is solubilized and replaced by water, increasing the water content up to 70 % [20] . To obtain adhesion of resins to dentin, the liquid mixture of solvents and adhesive monomers attempts to displace all that water within 1-2 min. This is then followed by light curing that turns the liquid monomer into solid tooth-colored polymerized plastic resin. This plastic-reinforced collagen fibril is called the Bhybrid layer [ 21] , in which the collagen fibrils of the completely demineralized dentin matrix anchor the overlying adhesive resin and tooth-colored resin composites to the underlying mineralized dentin. Pashley et al. [20] defined resin bonding as a unique form of in situ tissue engineering, involving a series of modifications to dentin and enamel, thereby changing its physicochemical properties from its original hydrophilic, crystalline impermeable structure, to a permeable matrix that becomes a tougher and acid-resistant material [22] . Proper resin adhesion by encapsulation of collagen fibrils with adhesive resins leads to longer-lasting restorations, reduced destruction of dental tissues, and reduced tooth sensitivity. Despite the advent of the contemporary dental adhesives that contain hydrophilic resin monomers to enhance resin coupling to wet dentin, resin-dentin bonds are still imperfect and less durable than resin-enamel bonds over time [20, [23] [24] [25] . Although the dentin bonds have high immediate bond strengths, they lose about 50-60 % of their strength after 1-2 years of aging both in vitro [23] and in vivo [25, 26] . Both the complexity of the dentin structure, including significant amount of organic material (type I collagen) [19, 20] , and excess amounts of residual water [18] , as well as the hydrophilic nature of the adhesives which increases water sorption [27] , are the major challenges for dentin bonding.
Cavity preparation results in the formation of a loosely attached 1-2-μm-thick layer of cutting debris, called the Bsmear layer,^on the tooth surface [28] . Smear layers constitute an unstable barrier to adhesives and cannot be blown or rinsed off easily. The smear layer can be removed by acid etching, or it can be modified by acidic adhesives that can penetrate through the smear layer in order to produce more stable bonding [29] .
Etch and Rinse Versus Self-Etch Adhesives
Etch-and-rinse adhesive systems are the most commonly used adhesive systems for bonding. The technique involves either three steps: a separate application of an acidic etchant, application of separate primers and adhesives, or two steps that include a separate etching step and the use of premixed primer and adhesive in the same bottle. The adhesion strategy involves the removal of the smear layer and superficial hydroxyapatite through 32-37 % phosphoric acid etching for 15 s to expose the underlying type I collagen fibrils of the dentin matrix [10] . This not only removes the smear layer, but it also removes the mineral phase of the underlying mineral matrix to a depth of 5-8 μm. After rinsing away the unreacted acid and the solubilized minerals, the acid-etched matrix contains about 70 vol% of water between the collagen fibrils [20] . Despite the success of etch-and-rinse adhesive systems for enamel bonding [17] , the technique sensitivity of dentin bonding [30] and the inconsistency in collagen fibril encapsulation due to the high residual water content [31] through the whole depth of demineralization zone raised questions about durability. Many adhesive monomers are not very soluble in water. This results in hybrid layers that are half-filled with water and the other half-filled with adhesive resin. Hashimoto et al. [23] showed that hybrid layers created with three-step etch-and-rinse adhesive systems showed both loss of resin from intra-fibriller spaces as well as disorganized collagen fibrils after 1 year of water storage, followed by more publications showing similar results [26, 32] .
The second adhesive bonding strategy involves the use of self-etching adhesives, which are acidic enough to make the smear layer permeable without completely removing it. Selfetch adhesive systems were developed to reduce the number of application steps in order to create more user-friendly adhesive systems [33] . They are supposed to eliminate the risk of over-etching and over-drying. Self-etch adhesive systems do not require separate acid etching and rinsing steps, since they are composed of aqueous mixtures of acidic monomers (such as phosphoric acid or carboxylic acid esters) that simultaneously etch and infiltrate enamel and dentin [34] . As a result, the dissolved smear layer and demineralization products are not rinsed away but are incorporated into the hybrid layer [34, 35] . The mechanical interlocking is shallower compared to etch-and-rinse adhesives, and additionally some of the adhesive monomers chemically interact with residual hydroxyapatite [35] .
In two-step self-etching adhesives, the first step includes application of an acidic hydrophilic primer that etches through the smear layer and into the underlying mineral matrix of about 0.5-1 μm. Without rinsing, the 25 % water in the primer is evaporated with an air stream. The second step includes a more hydrophobic adhesive resin that is free of solvents. This hydrophobic adhesive resin step makes the interface more hydrophobic and seals the bond very effectively. In one-step (so-called all-in-one) self-adhesive systems, etching, priming, and resin bonding components are all accomplished by several application of a single mixture in one bottle. Water is an essential component of self-etch adhesives as it is needed in the ionization of acidic monomers, but they only use about 25 % water [33] , while etch-and-rinse adhesives must deal with 70 vol% of water [20] .
Hydrolytic Degradation of Adhesives
Ever since John Kanca [36] introduced the wet bonding technique to prevent the collapse of demineralized collagen matrix, manufacturers have had to incorporate increasing concentrations of hydrophilic monomers such as hydroxyethyl methacrylate (HEMA) to serve as a solvent for hydrophobic monomer blends, to enhance the wetting properties [37] , to avoid phase changes that occurred when dimethacrylate-based adhesives were applied to water-saturated dentin matrices [38] . Hydrophilic and ionic resin monomers are vulnerable to hydrolysis, due to the presence of ester linkages [27] , and increasing the HEMA content of adhesives was shown to increase water sorption into polymerized polymers over time thereby lowering their mechanical properties [39] . However, in addition to hydrophilicity, both organic solvents (ethanol/ acetone) and water retained within the hybrid layer [39, 40] can compromise the integrity of hybrid layer (Fig. 1) . A previous investigation showed that acetone-or ethanol-based adhesive mixtures showed an increased solvent retention between 4.9 and 13.2 % with the increased hydrophilicity of adhesive monomer, and the retention increased further to 26.4-41.6 % when water was added to simulate wet bonding conditions [41] . These residual solvents could further compromise the cross-linking reaction during polymerization, affecting the ultimate tensile strength of resin as well as the hybrid layer [42] .
The same problem is evident with all-in-one self-etch adhesives. Due to their hydrophilicity, and lack of a separate hydrophobic resin seal, cured adhesive layers may act as permeable membranes [43] , permitting water movement across the adhesive layer when applied on wet dentin. Reticular patterns of silver nanoleakeage (so-called Bwater trees^) have been found within the adhesive layer of simplified adhesives [44] . They are considered as sites of incomplete water removal and subsequent suboptimally polymerized resins, which lead to lower bond strength and less durable bonding [43] .
A recent systematic review on the failure rates of class V bonded restorations showed that two-step mild, self-etch, as well as three-step etch-and-rinse restorations with a relatively hydrophobic resin coating layer on top of the hydrophilic primer showed lower failure rates compared to strong all-inone or two-step etch and rinse adhesives [33] .
Degradation of Collagen Fibrils
The very first evidence of collagenolytic activity in carious or intact dentin was reported in the early 1980s [45] , and later, Tjäderhane et al. identified matrix metalloproteinases (MMPs) as being responsible for that activity [46] . However, this did not attract much attention in restorative dentistry field, until Armstrong et al. [47] published transmission electron microscopy images of normal versus degraded hybrid layers created with three-step etch-and-rinse adhesive aged for 4 years in vitro. Those images showed the disappearance of resin as well as collagen fibrils from hybrid layers. That same year, Pashley et al. [48] published results demonstrating that human dentin powder contained endogenous proteinases that can degrade the collagen matrix in the absence of bacteria. This opened a new era in understanding the complex degradation processes in adhesive/tooth hybrid layers, and considerable interest has been devoted to understanding the role of these enzymes in resin-dentin bond degradation as well as detection of these proteases in hybrid layers. Using advanced immunolabeling protocols, Breschi et al. [49] showed different degrees of resin-collagen fibril interactions. Mazzoni et al. [50] showed the localization of functional activity of dentin proteases to the bottom of hybrid layers using in situ zymography in hybrid layers created by etch-and-rinse adhesives. Enzyme-induced collagen degradation was shown to lead to a complete loss of the hybrid layer integrity and eventually loss of restorative bond strength [25, 47, 51] , and the process is at least as fast in vivo as it is in in vitro conditions. Indeed, hybrid layer degradation occurred in as little as 6 months in primary teeth [25] .
Collagenolytic Enzymes in Dental Tissues
Over the last 10 years, several MMPs and cysteine cathespins have been identified in dentin that takes part in the degradation process. Since the function of MMPs and cathepsins in dentin were presented in detail in several recent review articles [52, 53•, 54] , they will only briefly be mentioned in this review. MMPs and cathepsins are two distinct enzymatic families and are expressed by human odontoblasts at the mRNA level [55, 56] . MMPs are a family of zinc-and calcium-dependent endopeptidases which degrade extracellular matrix proteins, including native type I collagen [57] . MMPs are involved in physiological tissue remodeling, but their expression increases dramatically in pathological conditions including dental caries and erosion [58••, 59] . MMPs consist of a prodomain, a catalytic domain with a highly conserved zinc binding site, a hinge region, and a hemopexin domain. The catalytic domain contains cysteine-rich repeats that are necessary for binding and cleaving activities of these proteolytic enzymes. MMP activity can be regulated by autolysis, other MMPs, and tissue inhibitors of metalloproteinases (TIMPs) [57] . The odontoblasts in human teeth synthesize and release several MMPs, including MMP-8 [60] and gelatinases MMP-2 and MMP-9 [46, 61, 62] . Both the latent and active forms of stromelysin MMP-3 [63] , collagenase MMP-8 [60, 64] , and gelatinases MMP-2 and MMP-9 were identified in demineralized dentin matrices [61, 62] . Secreted as inactive proenzymes (zymogens), MMPs are trapped in the mineralized dentin matrix but became activated in acidic environments [46] . However, they require a neutral pH to cleave the triple-helical structure at specific site [57] . MMP-2 and MMP-9 were also shown to be telopeptidases that can remove bulky globular telopeptidases from collagen, setting the scene for the true collagenases to access the hydrolytic sites [65, 66] . Mild self-etch adhesives have been shown to activate MMPs [67] . Additionally, recent studies showed that even in highly acidic conditions, MMP can survive well and that their activity is not decreased by use of 37 % phosphoric acid etching [68] .
Cysteine cathepsins (CCs) belong to the C1 family of papain-like enzymes, most of them (including CC-B and -L) with ubiquitous expression in human tissues, some (e.g., CC-K and -L) being tissue-specific. CC-K is the most potent mammalian collagenase, and even though CCs in general are most active in acidic milieu, CC-B has endopeptidase activity at neutral pH [53•, 56, 58••] . Some recent reports also showed the positive correlation between the cysteine cathepsin and MMP activities in intact and carious dentin, with caries dentin showing 10 times higher activities than intact dentin, suggesting that these two distinct enzymes could also work together at the degradation of the carious matrices [56, 58••, 69] . Additionally, several studies quantified the degradation Fig. 1 a The 3D schematic showing the denuded collagen filled with water extending to the adhesive layer. b Confocal laser scanning microscopy images of resin-dentin bonds showing resin (black areas) versus water (red) distribution in the hybrid layers. C Composite resin, A adhesive, and D dentin products of MMP-mediated (ICTP) and cathepsin-mediated (CTX) C-terminal telopeptide of the collagen [70] suggesting a higher activity of MMPs than cathepsins, and also showing the degradation activity caused by each enzymatic group separately, even in the presence of specific inhibitors used to block the activity of the MMPs and cathepsins [68, 71•] .
Strategies to Reduce the Endogenous Enzymatic Activity of Demineralized Dentin Matrices
The inhibition of these endogenous proteases is another goal in prevention of degradation of dental adhesive bonds. Several different strategies used in in vitro and in vivo experiments with commercially available resin composite systems in human teeth have already demonstrated that the loss of bond strength can be prevented with 2 % chlorhexidine (CHX), a potent anti-microbial agent widely used in dentistry, but also known to inhibit MMPs and cathepsins [25, 48, 72, 73] . Clinically, CHX has been used as a pretreatment step after acid etching and is followed by the application of primer and adhesive resins [53•] . Close to 20 separate published papers with comparable experimental designs, using 2 % CHX, showed a monthly mean bond strength loss of 5.1 % in untreated control teeth, while CHX-treated teeth only lost 1.9 % [74] . In a clinical study, bond strength reduced only by 1.5 % in 14 months in the CHX-pretreated group, in comparison to 35.2 % in the no-treatment controls [51] . Although low concentrations such as 0.002 % CHX and shorter applications of 15 s seem to preserve the resin dentin bond strength over 6 months incubation period [75] , most clinicians use 2.0 % CHX for 60 s [25, 51, 53•, 76, 77] . However, despite the reduced degradation reported in clinical studies [25, 51, 53•, 76, 77] , the evidence of CHX inhibition over longer time periods is limited. Additionally, since CHX binding to dentin is largely electrostatic, it can slowly debind and be lost from the hybrid layers [78] . A previous report showed good preservation of hybrid layers after 9 months, but not after 18 months [79] , which might be explained by debinding and leaching of water-soluble CHX from adhesive interfaces. To prevent the leaching of CHX from the adhesive interfaces, experimental CHX-methacrylate monomers which can polymerize to resin in the hybrid layers were tested along with its anti-MMP activity that was comparable to CHX [80] . Despite the fact that CHX is the most commonly used anti-MMP agent, its additional bonding step might limit the acceptance by clinicians. The urgent need for user-friendly application methods preferably incorporated into the adhesive systems to inhibit enzymatic degradation is apparent [20, 53•] .
Other anti-microbial agents such as quaternary ammonium compounds have also shown to be effective MMP inhibitors [71•, 81-83] . Similar to CHX, these compounds are also cationic. Some examples of these compounds include benzalkonium chloride (BAC), an anti-microbial agent, and surfactant, already in clinical use in combination with a phosphoric acid etchant. Previously, we showed that 0.5 % BAC concentration can effectively inhibit soluble MMP-2, MMP-8, or MMP-9, and to some extent matrix-bound MMPs, even though the effect was not as strong with matrix-bound dentin MMPs as with soluble recombinant MMPs [81] . Later, Sabatini et al. showed that BAC-containing adhesive blends can increase the durability of resin-dentin bonds, showing only 9 % reductions, compared to over 30 % reduction in controls [83] . Several other polymerizable quaternary ammonium compounds have been tested for their ability to inhibit dentin matrix-bound MMPs [71•, 82] . Among them, 12-methacryloyloxydodecylpyridinium bromide (MDPB) was found to be a good MMP and cathepsin inhibitor [71•, 81-83] . MDPB has been in clinical use for years due to its strong anti-bacterial effects [84] . A previous in vivo study also showed more durable bonding with the use of MDPB incorporated bonding agent [85] , whereas others showed significant bond strength reduction over time [86, 87] . The inhibitory effect of MDPB on proteaolytic activity may be lost over time and requires further verification to draw definitive conclusions.
Another approach to reduce the collagen degradation at the adhesive interfaces is to use collagen cross-linking agents. The cross-linking of collagen using synthetic collagen crosslinkers such as glutaraldehyde or carbodiimide, or natural cross-linkers such as proanthocyanidins, has been shown to increase mechanical properties of dentin matrix by enhancing intra-and inter-molecular cross-links of collagen [88] [89] [90] . Moreover, they have been reported to improve the degradation resistance of collagen matrices to dentinal proteases [91, 94] . The cross-linker application was suggested to inactivate the active sites of dentin proteases by reducing the molecular mobility or by changing negatively charged ionized carboxyl groups into positive charged amides [91] [92] [93] [94] . Both the low cytotoxicity of natural cross-linkers and their proven efficiency to the mechanical properties of the dentin matrix make these agents promising for clinical applications. Although the published results are very promising, the disadvantage is that some proanthocyanidins are dark colored, and not esthetic and, similar to CHX, their application requires and extra application step.
Strategies to Reduce the Hydrolytic Degradation of Adhesives
Since hydrolytic degradation of the adhesives is the other challenge for the durability of resin-dentin bonds [20] , the use of ethanol to eliminate the excess water from the bonded interface has been proposed [95] . In this technique, chemical dehydration of demineralized dentin matrices with 100 % ethanol pretreatment is used to increase the infiltration of resin monomers into dentin and to avoid phase separation of the monomers [20, 24, 96, 97] . Moreover, when water is eliminated from the hybrid layer, the hydrophilic resin monomers can be substituted with more hydrophobic resin mixtures [20] . This results in a homogenously hydrophobic monomer-impregnated hybrid layer [96, 97] , and a decrease in the water sorption and plasticization of the resin component of the hybrid layer [27, 39] . Additionally, a previous report showed the inhibition of both rh-MMPs and also matrix-bound MMPs with increasing alcohol doses. The authors speculated that the inhibitory effect of ethanol is based on forming a coordinate covalence bond between the catalytic zinc and the oxygen atom of the hydroxyl group of the alcohol [98] .
However, if not properly evaporated, the remaining ethanol at the adhesive layers can decrease the polymerization of the resins, thereby resulting in the reduction in physicomechanical properties [99] . Despite the promising results at the laboratory studies, a recent study comparing the laboratory setting and in vivo test setting showed a 31 % lower bond strength at ethanol wet bonding groups [100] . This result suggest that even though ethanol wet bonding approach is promising, the technique sensitivity of this approach challenges its clinical use and the results obtained in laboratory studies may not be a good indicative for clinical performance.
Summary
The longevity of adhesive restorations depends on many factors including the properties of adhesive resins, and the successful preservation of demineralized collagen fibrils at the adhesive interface. The goal in research on how to improve the durability of resin-dentin bonds is to extend the durability of these bonds to be similar to that of resinenamel bonds (i.e., 20-30 years). This will require the development of resin composites that are more stable in water, as well as dimethacrylates that have better water solubility. Improvements in comonomer infiltration are also needed. Clinicians may have to abandon the use of simplified adhesives and return to multistep procedures with longer infiltration and solvent evaporation steps. If the next 60 years is as exciting as the past 60 years, we will eventually learn how to create perfect resin-dentin bonds that last 30 years.
